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Abstract 
The effects of quasi-electric fields, caused by the band-gap variation of the active semiconductor, upon the 
illumination current density and open-circuit voltage of a solar cell will be discussed. In addition, it will be shown 
that open-circuit voltage improvement is possible when the band-gap is gradually increased within the space charge 
region from the neutral to the hetero-junction interface so that the dark saturation current density of the cell is 
reduced. Our estimation is that in the case of a solar cell where the band-gap increases from 1.15 eV to 1.4 eV, at the 
space charge region (of the order of 0.2 Pm), an increase of the open-circuit voltage around 80 mV will be observed 
with respect to the single gap absorbing material case. A similar (increasing) band-gap variation within the bulk of 
the material will cause an increase of the drift-diffusion length of minority carriers by a factor of 5 with respect to a 
single band-gap material. Then, based on these physical concepts, two possible structures with variable band-gap 
CIGS layers are proposed in order to have higher efficiencies than cells without any band-gap grading. It will also 
be shown that very likely present record efficiency CIGS solar cells have achieved efficiencies as high as K = 19.9% 
due to (intentional or non-intentional) band-gap grading of the CIGS layer. This band-gap grading can be optimized 
with the purpose of a further efficiency increase. 
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1. Introduction
Increasing the open-circuit voltage (Voc) to improve the efficiency of Cu(In1-xGax)Se2 (CIGS) cells is highly 
desirable. When alloying CuInSe2 (CIS) with Ga to form CIGS thin films, the wider band-gap energy of the CIGS 
absorber layer can potentially increase the Voc of the fabricated cells, at the expense of a reduction in the value of 
the short-circuit current density (Jsc). Introducing a spatial variation of the Ga content within the CIGS layer, the 
band-gap profile can be optimized to increase both the photon absorption and carrier collection. Furthermore, the Ga 
profile can be adjusted to optimize the CIGS absorber band-gap profile, and hence improve the Voc and Jsc values. 
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Thus, band-gap engineering geared to controlling the spatial distribution of the Ga content in the absorber layer can 
lead to enhancing the overall performance of CIGS cells. However, a clear understanding of the fundamental device
physics of these structures is necessary to exploit the benefits of a design strategy and for its optimization.
The merits of numerical modeling are that spatially varying parameters can be analyzed throughout the
device and new design concepts can be tested without actual fabrication. Several investigations have been made in
this regard [1-6], but usually the final results hinder to some extent the basic device physics associated to a given
result. Here, we propose that it is better to have first a clear understanding of the physics of a cell device so that an
optimal structure is analyzed, and then a refined numerical model can be used to have a more exact prediction of the
cell behavior. Sophisticated numerical models should be used as a way of understanding effects which usually are 
difficult to deal with simple physical models.  For example, solar cells under concentrated sunlight require a bi-
dimensional numerical solution in order to take into account the bi-dimensional current flows or the high injection
levels associated to the carrier transport and recombination in the structure. Numerical solutions are also required to
take into account the doping variation as a function of depth (in the emitter) of solar cells. However, most of the
physics of conventional solar cells is contained in the Shockley diode model, allowing simple calculations to be used
to predict the electrical characteristics of such devices. Therefore, in this paper we try to establish a conceptual basis
for solar cells made with varying gap semiconductor materials, in the same manner as the Shockley diode equation
is a first order approximation for the conventional solar cells’ behavior.
First order approximations are made here, in a similar way to the Shockley model for a solar cell, so that
higher order approximations can be taken into account as a refinement of the model. It will be shown that the
expected results associated to band-gap grading according to our model are similar to those obtained with numerical
models such as published recently by Gloeckler and Sites [1], confirming that most of the physics of solar cells
based on variable band-gap materials can be dealt with a simple model.
In what follows, first some basic concepts that are relevant for designing highly efficient solar cells, where
the band-gap energy of the CIGS absorber layer is not uniform, are discussed. Then, based on these concepts, CIGS
band-gap profiles are proposed in order to attain solar cells with high efficiencies. Finally, a calculation will be
made in order to determine the expected efficiency increase for present CuInGaSe2 solar cells, by assuming that this
kind of solar cells still does not have a band-gap profile as suggested here for improving the cell performance.
2. Basic Concepts for Solar Cells with varying band-gap absorber layers
2.1 Typical CIGS solar cell structure
The typical CIGS cell structure is depicted in fig. 1. Usually, the buffer layer in contact with the absorber layer is a 
CdS thin film. Other materials have been tried as buffer layers in order to avoid the presence of atomic Cd, as part of
the solar cells. However, the best results have been obtained with CdS and hence this material continues to be the
preferred one. The absorption in the buffer and the conducting oxide (TCO) layers should be negligible, so that
much of the incident photons are absorbed by the CIGS active layer for generating the photo-current. Then, very
thin (30-80 nm) CdS films and very transparent TCO materials are used in order to achieve high efficiencies. The
contact at the back is Mo. All of these conditions have been achieved already and are not limiting factors in present
technology solar cells. Therefore, the most important layer remaining for optimization is the CIGS one, and this will
be the topic of discussion here. It will be assumed that Ga concentration can be varied in order to achieve
appropriate band-gap profiles, as proposed in the following sections.
2.2. Absorption in variable band-gap materials
CuInSe2 and CuInGaSe2 are materials with direct band-gap absorption characterized by an absorption coefficient of 
the form
D = 0     hQ < Eg
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where Eg is the band-gap of the material, hQ is the photon energy of the incident radiation and A is a constant which
depends upon the effective masses of electrons and holes in the conduction and valence bands, respectively.
Figure 1. Schematics of a typical solar cell structure based on p-CuInGaSe2. The common transparent
conducting oxide (TCO) is ZnO, the buffer layer is CdS, and the back contact is Mo. The thickness of the
layers may vary according to the technology used for deposition. 
In a recent study, the author [7] has shown that absorption in a direct band semiconductor where the band-
gap varies as a function of position (see fig. 2), the absorption rate can be calculated in a similar manner as for single
band-gap materials with an effective absorption coefficient Deff , of the form:
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where Dgmin is the absorption coefficient given by eq. (1) for Eg = Egmin. The maximum and minimum band-gaps
Egmax and Egmin are described in figure 2 for a material with linear band-gap variation. It must be noticed that the
latter expression is valid for light incident from any side of the variable gap material.
It was also shown that the expected reduction of photocurrent for a material with a given total band-gap
variation 'Eg = Egmax - Egmin is much less than the photocurrent loss due to a material with the corresponding average
band-gap, when compared with the expected photocurrent for a material with the minimum band-gap Egmin. In other
words, grading the band-gap does not cause much variation of the photon absorption, but it may induce an internal
electric field which may help improving the open circuit voltage and the collection of photo-generated carriers, as 
will be shown in the following sections.
Therefore, from the above considerations, instead of looking for an optimum single band-gap material we
can now look for an optimal band-gap grading so that the expected efficiency will be even greater than for an
absorber material with an optimum single gap. However, the graded regions within the structure of a solar cell have
to be placed in the appropriate position in order to achieve the proposed improvement, as will be discussed below.
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Figure 2. Band structure for a material with linear band-gap variation as a function of depth position (total
thickness d). For simplicity, we have assumed that the gap variation is due to the conduction band variation.
2.3 Internal electric field associated to band-gap grading
In fig. 2, it can be seen that due to the conduction band-variation with position, electrons will feel a force similar to
the drift force due to an electric field. The electron current density, taking into account, the electric potential
variation, the carrier diffusion and the electron affinity variation, will be:
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where n(x) is the electron concentration at any position x in the conduction band, Pn is the electron mobility, Dn is 
the electron diffusion coefficient, V is the electric potential, Fe is the electron affinity and q is the magnitude of the
electron’s charge. V + Fe/q is the total electrochemical potential in the semiconductor. Then, electrons are drifted by
means of the total electric field: 
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where EC(x) is the conduction band energy at position x. A similar expression can be written for holes in the valence
band, but for simplicity, we shall discuss only the case of electrons in the conduction band since we shall assume
that minority carriers in the absorbing semiconductor are electrons, as is the case for CIGS solar cells. 
According to eq. (4), electrons will be drifted by the electric field due to the potential variation and by the 
additional quasi-electric field associated to the affinity (conduction band) variation with position. This field will 
reduce both the back surface recombination at the ohmic contact and the bulk recombination typically characterized
by the diffusion length. In the case of a graded band-gap material it is more appropriate to define a drift-diffusion
length. If the electron drift and diffusion current components are in the same direction, the drift-diffusion length will
be [8]:
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ln is the electron diffusion length, VT is the thermal potential (kT/q) and [ is the quasi-electric field in the respective
region.
As an example, let us consider a 2 Pm linearly graded CIGS layer, which is typical in present solar cells, 
with an electron diffusion length of the order of 1 Pm, and in which the total band-gap change is 'EC = 0.25 eV. In
this case, the quasi-electric field will be around 1.25 x 103 V/cm and the drift-diffusion length will become more
than 5 times the diffusion length, i. e. 5 Pm. Of course, this higher drift-diffusion length would increase the electron
collection at the hetero-junction if the quasi-electric field is such that carriers are drifted towards it. Another effect 
due to this quasi-electric field would be to reduce the recombination at the back contact.
In summary, the quasi-electric field associated to a varying band-gap material in a solar cell structure 
should cause both reduced bulk and surface recombination, if the field is in the appropriate direction. In the case of a 
p-type CIGS layer, the needed quasi-electric field should be directed towards the back contact so that electrons are
drifted in the opposite direction. In other words, in this case, the band-gap must increase towards the back contact.
2.4 Effect of band-gap variation upon the dark current in a solar cell
Current transport in hetero-junction solar cells under dark conditions occurs as a consequence of different
mechanisms. Ideally, the dominant current transport mechanism is carrier injection at the junction and diffusion due
to a carrier gradient caused by recombination at the bulk and surface of the respective material at each side of the
junction. However, in real non-ideal junctions other mechanisms are present, such as recombination caused by traps
at the junction interface enhanced by tunneling, or due to Shockley-Read-Hall recombination at deep levels within 
the space charge region of the junction. The latter mechanism will be assumed for CIGS solar cells, but the analysis
below can also be applied for ideal solar cells where the current is dominated by diffusion carrier transport (ideality
factor n=1).
For a (hetero) junction dominated by deep level recombination at the space charge region, the dark current
density can be approximated (for V > 2VT) by
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where V is the applied potential and
iqnJ |0 (7)
ni is the intrinsic carrier density and Sscr is an effective recombination velocity at the space-charge region of the cell.
It is related to the trap density and the carrier capture cross section for the trap levels there and is only slightly
dependent (square root function) upon the operating voltage, particularly under forward bias. In this model, states
distributed in the band-gap can be taken into account by means of an average effective trap level that takes into 
account all these traps. The important issue here is the dependence of J0 on the intrinsic carrier concentration ni,
which in turn has an exponential dependence upon the average band-gap within this region.
From eq. (7), the reduction of the dark saturation current density, when a variable gap material is inserted
within the space charge region, can be estimated. For doing this, let us consider the average of the intrinsic carrier
concentration which will vary along this region since the band-gap will not be constant. Therefore, in this case, it 
can be shown that the expected dark saturation current density will be:
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with 'Vg = 'Eg/q, the total band potential change, and J0min being the dark saturation current density for a material
with the minimum band-gap Egmin. As an example, let us consider again a graded band-gap material in which 'Vg = 
0.25 V. In this case the dark saturation current density would be reduced by a factor of 5 approximately, and the
open-circuit voltage would increase around 80 mV with respect to a solar cell in which a CIGS layer with a given
(minimum) band-gap is used. Then, if a variable band-gap material is produced close to the hetero-junction in such a
way that the gap is changed from Egmax to Egmin within the space charge region, the open circuit voltage should
increase by about 80 mV when the total 'Eg = Egmax - Egmin = 0.25 eV.
Figure 3. CuInGaSe2 absorber profile in a solar cell (a) with a uniform band-gap and optimum Eg = 1.15 eV.
(b) One of the possible non-uniform absorber profiles that will allow better performance than the case 
shown in (a) due to the quasi-electric field in the material bulk. The maximum band-gap at the back contact 
will have to be optimized in order to obtain an improved short circuit current density. (c) Another structure 
that will allow better performance than in case (a). The band-gap variation at the junction interface will
cause better open-circuit voltage, and the band-gap variation at the back interface will cause reduced back 
recombination and better short circuit current density. In all cases, we are assuming that the junction 
interface is at the left side and the back contact interface is at the right side. 
In order to have the improvement discussed above without causing photo-current losses, two conditions are
required. The first one is that the quasi-electric field produced by the band-gap variation in the space charge region
should be smaller than the electric field caused by the electrical charge there, otherwise there would be no collection
of photo-generated carriers at the junction since these fields are in opposite directions for a material with decreasing
band-gap from the junction interface towards the quasi-neutral region. The space charge width for this kind of cell 
will be of the order of 0.2 Pm. Therefore, it is advisable to have 'Eg to be around 0.25 eV in this region. The quasi-
electric field caused by this band-gap variation would be around 1.25 x 104 V/cm directed to the junction interface.
In addition, a second condition is that the region for band-gap variation should not extend beyond the space charge
region since this quasi-electric field would oppose the motion of photo-generated carriers from the bulk of the
semiconductor towards the collecting junction.
From all of the above considerations and analysis it is possible to make a proposal for higher efficiency
CuInGaSe2 solar cell structures, as will be discussed below.
3. Device structures for Improved Solar Cells with graded band-gap layers
The basic structure for a CIGS solar cell has been depicted in fig. 1. The CIGS absorber layer has the band-gap
profile described in fig. 3 (a). In other words, the band-gap is uniform along the whole thickness of this layer. It has
been established that an optimum band-gap value is around 1.15 eV. Two possible device structures can be proposed
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in order to have improved solar cells. The CIGS layers band-gap profiles are shown in fig. 3(b) and fig. 3 (c). In the 
first one, a decreasing band-gap region within the space charge is inserted in such a way that the open-circuit voltage 
can be increased. Then, a second CIGS layer is graded with an increasing band-gap towards the contact, so that the 
electron collection at the junction is improved due to the reduced bulk and surface recombination, as explained in 
section 2. Notice, however, that the band-gap grading will cause only slight reduced photon absorption; as 
calculated by the author in a preceding paper [7]. Therefore, 'Eg for this region should be optimized for a given 
CIGS film thickness and diffusion length so that there is a real increase of the photo-current with respect to the one 
obtained with the non-graded material. This kind of absorber profile has already been studied experimentally [9] and 
some of the effects described above have been confirmed, but the band-gap grading in each region have not been 
optimized. The discussion above would allow for a better understanding on how to optimize this kind of solar cell 
structure and band-gap profile. 
Another band-gap profile for the CIGS layer in a solar cell structure is proposed in fig. 3 (c).  In this 
structure, in the region close to the junction, the band-gap Eg will have a total reduction of 0.25 eV within the space 
charge region, causing the increase on the open-circuit voltage as explained above. Then, a second layer will have a 
constant band-gap which will be the optimum for single gap CIGS solar cells, i.e. 1.15 eV. Then, close to the CIGS-
Mo contact, a third region with increasing band-gap and total'Eg > 0.25 eV in a small distance of 0.1 Pm will cause 
a quasi-electric back surface field that will reduce the surface recombination at the contact. In this case, notice that 
back surface recombination velocities as high as 1 x 106 cm/s could be compensated by the back surface quasi-
electric field, if the above grading occurs in only 0.1 Pm, and the electron mobility is around 40 cm2/Vs.
Using the above arguments, it can be established that any of the structures shown in figures 3 (b) and 3 (c) 
will have an improved efficiency with respect to solar cells without any intentional band-gap grading. 
4. Improving the performance of present high efficiency CuInGaSe2 solar cells 
Recent record efficiencies for CIGS solar cells have been reported around 19.5% - 19.9% [10]. Unfortunately, not 
many details are given about the steps for making these record solar cells nor a full characterization is given either, 
so that we do not know if there is a band-gap grading such as the suggested variation discussed above in the real 
structures. However, numerical results for solar cells with a constant band-gap CIGS layer do not give results 
providing such high efficiencies [5, 6] in the best of the cases. Therefore, we may suspect that the high efficiencies 
observed experimentally are due to the inclusion of a graded band-gap CIGS layer, according to our previous 
discussion. It must be noticed that the above effects have already been observed experimentally by Dullweber et al. 
[9]. In addition, numerical results [5] have also shown that high efficiency CIGS solar cells can be achieved 
whenever the band-gap grading profiles analyzed in this paper are achieved for the CIGS layer. The main advantage 
of our approach is that we now have a simple analytical model for this kind of solar cells. Furthermore, using simple 
expressions for the carrier collection probability and for the ideal dark saturation current density it will be possible 
to establish an analytical tool for optimizing both the front and back band-gap grading suggested in figures 3 (b) and 
3(c). 
5. Conclusions 
In this paper, some basic concepts related to the application of variable band-gap absorbing semiconductors in solar 
cells have been discussed. For example, the effects due to the associated quasi-electric field on the drift-diffusion 
length and the back surface recombination velocity will cause a larger carrier collection with a likely increase of the 
illumination current density. It was also shown that for an additional improvement of the open-circuit voltage, a 
band-gap reduction is needed within the space charge region so that the dark saturation current density reduces, 
assuming that deep level recombination dominates the dark current. Our estimation is that in the case of a solar cell 
where the band-gap reduces from 1.4 eV to 1.15 eV, at the space charge region (of the order of 0.2 Pm), an increase 
of the open-circuit voltage of about 80 mV will be achieved with respect to the case of solar cells where the CIGS 
layer has a uniform band-gap of 1.15 eV. These effects have been confirmed experimentally by Dullweber et al., and 
possibly the present record efficiency CIGS solar cells have been achieved with such band-gap grading, but the 
above model and concepts show that there might be still some possibility for further cell optimization by 
engineering the band-gap profile in the CIGS base of the solar cell.  
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